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Abstract 
This paper puts forward modelling thermal and flow phenomena in internally rifled tubes. The proposed model is a distributed 
parameter model based on solving balance equations describing the principles of the mass, momentum and energy conservation. 
The model enables an analysis of transient-state processes. The aim of the calculations is, among others, to find the distribution 
of the fluid enthalpy, mass flow and pressure in internally rifled tubes and to determine the heat transfer coefficient. The analysis 
concerns tubes arranged vertically and operating at supercritical steam parameters. The numerical calculation results will be 
compared to values obtained from CFD modelling. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Both internally rifled and smooth tubes are now in common use in many industrial devices and processes. They 
are widely used in refrigerating engineering (small-diameter tubes in particular) and in power boilers. Owing to such 
solutions, the heat exchanger size can be reduced and the permissible tube wall temperature is not exceeded in flows 
threatened with a boiling crisis, i.e. in cases where departure from nucleate boiling (DNB) occurs. The application of 
rifled tubes with internal spiral ribs in power boilers makes it possible to avoid many costly failures arising from the 
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material overheating. The issues related to lengthening the life of the boiler components, including thick-walled 
elements, and to improving their efficiency are presented in [1]. 
The use of internally rifled tubes with spiral ribs in the boiler evaporator involves a change in thermal and flow 
processes. The fluid moves spirally inside the tubes, which helps to intensify the heat transfer, and – if a boiling 
crisis occurs – makes it possible to maintain the water film on the tube surface. This is due to the centrifugal force 
arising in the fluid, which throws heavier droplets onto the wall. The process enables steady collection of a large heat 
flux even for a high content of the gaseous phase in the fluid and, as a result, makes it possible to keep a safe 
temperature of the tube wall. 
In the case of supercritical boilers, rifled tubes are placed in zones with the highest local thermal load. Such a 
solution is adopted in circulating fluidized-bed (CFB) boilers, where the wing walls are made of internally rifled 
tubes with spiral ribs, and where the spiral tube arrangement of the furnace chamber waterwalls is not applied due to 
enhanced erosion caused by the circulating material.  
This paper presents the calculation results of thermal and flow phenomena occurring in internally rifled tubes for 
a medium with supercritical parameters. The results were obtained by means of a numerical analysis and CFD 
modelling. It also presents the mass, momentum and energy conservation equations with distributed parameters. The 
equations were used in an in-house program written in the Fortran language and intended for numerical calculations 
[2]. The CFD modelling was carried out using the Ansys Fluent software package [3]. 
 
Nomenclature 
A surface area, m2 
c specific heat, J/(kgK) 
d diameter, m 
g gravitational acceleration, m/s2 
G mass flux, kg/(m2s) 
h enthalpy, J/kg 
k thermal conductivity, W/(mK) 
L length, m 
m  mass flow, kg/s 
p  pressure, Pa 
q  heat flux, W/m2 
r radius, m 
t temperature, °C 
Greek letters 
α heat transfer coefficient, W/(m2K) 
Θ temperature, °C 
ρ density, kg/m3 
τ time, s 
φ tube inclination angle, deg 
Criterial numbers 
Nu Nusselt 
Pr Prandtl 
Re Reynolds 
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2. Mathematical model 
Equations describing the principles of the mass, momentum and energy conservation, respectively, will be solved 
to determine the distribution of the mass flow (mass flux) and the medium enthalpy (temperature) along the tube. 
The base balance equations are expressed in [4]. After appropriate reductions and transformations, mass, momentum 
and energy equations are written so that space derivatives should be obtained on the left side of the equations, 
whereas time derivatives occurring on the right side are replaced with backward difference quotients. This system of 
ordinary differential equations is solved using the Runge-Kutta method. 
After the changes described above are introduced, the energy balance equation takes the following form: 
 4 j j jj j j j
j w j
tdh A h h
dz m d
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  (1) 
The fluid density is found as a function of enthalpy and pressure: 
 j j jf h , pW W'WU     (2) 
Solving the mass and momentum conservation equations, the following is obtained, respectively: 
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The fluid temperature history is found as a function of enthalpy and pressure: 
 j j jt f h , pW W W    (5) 
Subscript “j” in Equations (1-5) denotes the number of analysed cross-sections and varies from j=1,2…M. All 
thermophysical properties of the fluid and of the wall, as well as the heat transfer coefficient, are determined on-line. 
The time- and space-dependent distribution of the tube wall temperature is also calculated using the transient 
thermal conductivity equation and assuming uniform heating of the tube with a heat flux with density q (Fig. 1) [5]: 
1
w w wc rk
r r r
wT w wTª ºU  « »wW w w¬ ¼    (6) 
under the following boundary conditions: 
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Fig. 1. Analysed control volume of the tube. 
For the smooth tubes is many equations, that allow to calculate heat transfer coefficient. For presented values the 
Kitoh equation can be used [6]. In the case of rifled tubes, one of the ways to determine the convective heat transfer 
coefficient is to use the Chilton-Colburn j factor. The quantity is determined based on the Reynolds number and the 
channel geometrical dimensions (Fig. 2a). Generally, the Chilton-Colburn parameter is found from the equation 
presented in [7]: 
2
3Prj St     (9) 
Using the Stanton number definition [8], the convective heat transfer coefficient can be determined: 
1
3
ph jc G Pr    (10) 
In their studies, Webb et al. [9] determined the Chilton-Colburn factor as: 
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Zdaniuk and his team referred in their studies to equation (15) and proposed the following relation to define the j 
factor [10]: 
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3. Numerical and CFD calculations 
In this section an internally rifled tube is analysed numerically. The numerical calculations was performed using 
the Fortran PowerStation 4.0 program and the commercial Ansys Fluent software package. The verification 
consisted of a comparison between results obtained by means of an in-house code (NUM) and those produced by the 
CFD program. 
To the calculations the initial temperature of water flowing through the Φ50.8 x 7.95 mm tube is t=313.4 °C. 
Also the wall of a tube with length L = 60 m has the same initial temperature for time τ = 0. From the next time step 
on, an input function appears on the tube outer surface in the form of heating with heat flux . The numerical 
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computations were performed using the following time and space steps: Δτ = 0.5 s and Δz = 0.5 m. The specific 
geometry dimensions of rifled tube shows the Table 1. The characteristic dimensions of rifled tubes and cross 
section analyzed tube are presented on the Fig. 2.  
Table 1. Dimensions of the used rifled tube. 
Dimension Value 
outer diameter, do 50.8 mm 
inner diameter (without ribs), di 34.9 mm 
minimum diameter, dmin 32.9 mm 
wall thickness, g 7.95 mm 
rib height, h 1 mm 
pitch, p 30 mm 
rib at the base, a 5 mm 
rib average width, b 4.5 mm 
angle between rib arms, α 45° 
rib helical angle, β 30° 
number of ribs, N 6 
 
Fig. 2. Rifled tube characteristic dimensions (a) and analyzed tube cross-section (b). 
During the CFD calculations of the flow in internally ribbed tubes a 3D model was prepared. All domain was 
divided into fifteen 4-meter long sections. Each section is divided into approximately 1.1 million elements, which 
gives about 16.2 million finite elements. The boundary conditions applied in the calculations are identical to those 
adopted previously. The steam-water properties were approximated using a spline curve for the average pressure 
value assumed for the calculations. The temperature values obtained using the numerical program and from the CFD 
calculations are listed in Table 2. The results of the heat transfer coefficient calculations based on relation (10) for 
selected cross-sections are shown in Fig. 3. 
Table 2 Comparison of the medium temperature calculation results for selected cross-sections of the rifled tube (steady 
state) 
L [m] 
t [°C]  
L [m] 
t [°C] 
CFD NUM  CFD NUM 
5 329.7 335.2  35 406.7 403.8 
10 352.1 355.4  40 413.9 409.1 
15 369.9 372.3  45 424.2 416.6 
20 383.1 385.1  50 438.1 427.2 
25 392.2 393.7  55 455.7 441.8 
30 401.3 399.2  60 466.1 460.9 
 
a) b) 
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Fig. 3. Calculated heat transfer coefficient in selected cross-sections of the internally rifled tube: (a) based on the Chilton-Colburn j-factor from 
correlation (11); (b) based on the Chilton-Colburn j-factor from correlation (12). 
4. Conclusions 
An analysis of the presented results indicates good convergence between the numerical program and CFD 
modelling. The divergences in the fluid temperature distribution may result from the application of a different model 
of the heat transfer coefficient determination and the different methods of determining thermophysical properties of 
water. The differences in the Fig. 3 are connected to the mathematical models developed for rifled tubes with 
smaller diameters, another geometry and greater number of ribs. The accuracy of the calculations is also the effect of 
the bigger number of sections resulting from the division, which is confirmed by the high demand for computational 
power. 
Considering the above, it can be observed that during the modelling of thermal and flow phenomena occurring in 
both smooth and internally rifled tubes, the selection of appropriate relations describing the heat transfer and the 
water thermophysical properties for the parameters under consideration is essential. 
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